Reactive oxygen species (ROS) can cause oxidative damage to DNA, proteins, and lipids in all living organisms, and the resulting oxidative damage may play roles in several human disorders as well as the aging process.
In the present study, we examined enzyme inactivation by DHPs using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a convenient model protein, since GAPDH is known to be highly sensitive to oxidative damage. 15) Our observations reveal that DHPs inactivate GAPDH in vitro and in vivo.
MATERIALS AND METHODS
Synthesis of DHP Derivatives 2,3-Dihydro-5,6-dimethylpyrazine (Me-DHP-1), 2,3-dihydro-5-methyl-6-phenylpyrazine (Ph-DHP-1), and a mixture of two isomers of cyclohexyl-DHP ( Fig. 1 ), namely 2,3,5,6,7,8-hexahydroquinoxaline (endo-type) and 1,2,3,5,6,7-hexahydroquinoxaline (exo-type), were prepared using a previously described method. 3) Materials Rabbit muscle GAPDH was obtained from MP Biomedicals. DL-glyceraldehyde-3-phosphate was purchased from Sigma. Nicotinamide adenine dinucleotide (NAD) was obtained from Wako. B-PER Bacterial Protein Extraction Reagent was purchased from Pierce.
Bacterial Strain The E. coli K-12 W3110 [LAM-, IN(rrnD-rrnE)1, rph-1] strain 16) was obtained from the E. coli Genetic Resource Center (CGSC, Yale University, New Haven, CT, U.S.A.).
Media Luria-Bertani (LB) medium contained 1% tryp-tone, 0.5% yeast extract and 1% NaCl, and was adjusted to pH 7. 17) M9 glucose medium contained 0.2% glucose and 1 mg/ml thiamine. 16) For preparing plates, 1.5% agar was used.
WST-1 Assay The WST-1 assay was carried out in 100 ml of 50 mM phosphate buffer (pH 7.5) containing 2 mM WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt) and various concentrations of DHP. Superoxide anion production was monitored by measuring the absorbance at 438 nm. WST-1 was purchased from Dojin Laboratories Co. (Japan).
Inhibition of GAPDH Activity by DHP GAPDH (1 mg/ml) was treated with various concentrations of DHPs in 50 mM potassium phosphate buffer (pH 7.5) at 37°C for 1 h. The DHP-treated GAPDH (0.4 mg) was assayed in 90 ml of 40 mM triethanolamine (pH 8.6), 50 mM Na 2 HPO 4 , 5 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM dithiothreitol (DTT), and 0.34 mg/ml glyceraldehyde-3-phosphate. The reaction of GAPDH was initiated by the addition of 10 ml of 10 mM NAD. The reaction mixture was incubated at room temperature and the absorbance at 340 nm was measured.
Exposure of E. coli to DHP Overnight cultures of E. coli were diluted by 100-fold in fresh LB medium and grown at 37°C until the OD 600 reached about 0.1. The cells were harvested, washed with distilled/deionized water, and resuspended in an equal volume of 50 mM potassium phosphate buffer (pH 7.5). The resuspended cells were exposed with various concentrations of DHPs and incubated for 1 h at 37°C. The DHP-exposed cells were harvested, washed twice, and resuspended in an equal volume of distilled/deionized water. Aliquots of the resuspended cells were withdrawn for growth assays, and the remaining resuspended cells were analyzed by GAPDH assays.
Growth Assay for E. coli DHP-exposed cells and nonexposed control cells were spotted as 10-fold serial dilutions on LB plates or M9 glucose plates. The plates were incubated at 37°C for 12 h (LB plates) or 24 h (M9 glucose plates).
Preparation of E. coli Cell Extracts and Bacterial GAPDH Assay DHP-exposed cells and non-exposed control cells were harvested, and lysed with the B-PER Reagent containing 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 5 mM EDTA. Cell extracts were separated by centrifugation at 20000ϫg for 10 min. An aliquot of each cell extract (containing approximately 0.5 mg of total protein) was assayed in 90 ml of reaction mixture containing 40 mM triethanolamine (pH 8.6), 50 mM Na 2 HPO 4 , 5 mM EDTA, 0.1 mM DTT, and 0.34 mg/ml glyceraldehyde-3-phosphate. Each assay was initiated by the addition of 10 ml of 10 mM NAD. The reaction mixture was incubated at room temperature and the absorbance at 340 nm was measured. The protein concentration was determined by the UV absorbance.
RESULTS

Generation of Superoxide Anions and Inhibition of GAPDH Enzyme Activity by DHP
We recently reported that some DHP derivatives induce superoxide anion generation. 11, 14) Therefore, we examined and compared the generation of superoxide anions by three DHP derivatives, cyclohexyl-DHP, Me-DHP-1, and Ph-DHP-1, using the highly water-soluble tetrazolium salt WST-1.
18) As shown in Fig. 2 , cyclohexyl-DHP showed the strongest ability to generate superoxide anions, while Me-DHP-1 showed modest ability, and Ph-DHP-1 showed weak ability. Next, we examined whether DHP causes protein damage, by exposing GAPDH to these DHP derivatives and assaying the GAPDH activity. As shown in Fig. 3 , all the tested DHPs inhibited GAPDH activity in a dose-dependent manner. The GAPDH activity was almost completely inhibited by 0.5 mM cyclohexyl-DHP, 5 mM Me-DHP-1, and 10 mM Ph-DHP-1. Consequently, we used cyclohexyl-DHP as a representative DHP derivative for the following additional investigations.
Suppression by Amino Acids and SH-Compounds of GAPDH-Inactivation by DHP Since DHP caused inhibition of GAPDH, we examined whether DHP-induced inactivation of GAPDH was masked by excess amino acids. To achieve this, we exposed GAPDH to cyclohexyl-DHP together with amino acids (Fig. 4) . A mixture containing 20 kinds of amino acids suppressed the GAPDH-inactivation by cyclohexyl-DHP. However, an amino acid mixture without cysteine failed to suppress the GAPDH-inactivation, and cysteine alone was found to be sufficient for the suppression.
Since cysteine suppressed the DHP-induced inactivation of GAPDH, we investigated the abilities of some SH-compounds to suppress the GAPDH-inactivation by cyclohexyl-380
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Fig. 2. Generation of Superoxide Anions by DHP
Assay mixtures containing 50 mM phosphate buffer (pH 7.5), 2 mM WST-1, and 2 mM DHPs were incubated at room temperature. Superoxide anion production was monitored by measuring the absorbance at 438 nm. Fig. 3 . Inhibition of GAPDH Activity by DHP GAPDH was treated with various concentrations of DHPs, and the residual GAPDH activities were determined. Each activity is shown as a percentage of the initial activity. The data points reflect the mean values obtained from at least four independent experiments and the error bars show the standard deviations. DHP (Fig. 5) . Among the examined SH-compounds, 2-mercaptoethylamine showed strong suppression, DTT and 2-mercaptoethanol showed modest suppression, and N-acetylcysteine showed weak suppression.
Since the SH-compounds suppressed the DHP-induced inactivation of GAPDH, we examined whether DHP-induced inactivation of GAPDH was restored by DTT. As shown in Fig. 6 , GAPDH-inactivation by cyclohexyl-DHP was hardly restored by DTT.
Growth and GAPDH Activity of DHP-Exposed E. coli To assess whether the DHP-induced inactivation of GAPDH observed in vitro also occurred in vivo, E. coli cells were exposed to each of the three DHP derivatives, cyclohexyl-DHP, Me-DHP-1, and Ph-DHP-1, and then plated on LB plates or M9 glucose plates (Fig. 7 ). There were hardly growth differences between DHP-exposed and non-exposed E. coli on LB plates containing a rich medium. In contrast, DHP-exposed E. coli exhibited growth inhibition on M9 glucose plates containing a minimum essential medium with glucose as the sole carbon source. Comparisons of the tested DHPs revealed that cyclohexyl-DHP caused more severe growth inhibition than Me-DHP-1, while Ph-DHP-1 caused very weak growth inhibition.
Subsequently, the DHP-exposed E. coli cells were assayed for their GAPDH activity (Fig. 8) . The tested DHPs inhibited the E. coli GAPDH activity in a dose-dependent manner. The most severe inhibition of E. coli GAPDH activity was caused by cyclohexyl-DHP, and the GAPDH activity in the presence of 2 mM cyclohexyl-DHP was less than 11% of the unexposed GAPDH activity. Meanwhile, 10 mM Me-DHP or Ph-DHP caused moderate inhibition of the E. coli GAPDH activity to 20% or 35% of the unexposed GAPDH activity, respectively.
DISCUSSION
We recently reported the properties of some DHP derivatives that have bactericidal activities. Me-DHPs exert genotoxic effects while Ph-DHPs exert cytotoxic effects. In addition, cyclohexyl-DHP can not only cause breakage of chro- 
Fig. 5. Effects of SH-Compounds on GAPDH Activity Inhibition by DHP
GAPDH was incubated with 2 mM cyclohexyl-DHP alone or in the presence of 10 mM of DTT, 2-mercaptoethanol (2-ME), 2-mercaptoethylamine (MEA), or N-acetyl-cysteine (NAC) at 37°C for 1 h. The residual GAPDH activities were determined. Each activity is given as a percentage of the initial activity. The data points reflect the mean values obtained from at least four independent experiments and the error bars show the standard deviations. Fig. 6 . Irreversible Inhibition of GAPDH Activity by DHP GAPDH was incubated with 2 mM cyclohexyl-DHP at 37°C for 1 h. Aliquots of the reaction mixture were collected for GAPDH assays, and subsequently treated withmosomal DNA leading to mutagenic lesions but also induce oxidative damage to cellular proteins.
Among the three DHP derivatives examined, cyclohexyl-DHP, Me-DHP-1, and Ph-DHP-1 each possessed distinct activities for superoxide anion generation. By using these DHP derivatives, we investigated the DHP-induced inactivation of GAPDH. The rank order of the inhibition of GAPDH activity by these three DHP derivatives was cyclohexyl-DHPϾMe-DHP-1ϾPh-DHP-1, and closely correlated with their activities for superoxide anion generation.
GAPDH is a ROS-sensitive enzyme that catalyses the reversible conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate in a reaction coupled with the reduction of NAD ϩ to NADH. GAPDH possesses a conserved NADbinding domain, which shares an active-site cysteine in both prokaryotes and eukaryotes. 19) In our evaluation of the ability of amino acids to suppress the DHP-induced inhibition of GAPDH, cysteine alone was found to be sufficient for the suppression. In addition, SH-compounds were efficient for suppression of the DHP-induced inhibition of GAPDH. These in vitro data suggest that the ROS generated by DHP caused thiol oxidation.
To confirm the DHP-induced inactivation of GAPDH in vivo, we used E. coli to evaluate the effects of exposure to DHP. DHP-exposed E. coli showed poor growth on M9 glucose plates, and reduced GAPDH activity. Overall, the rank orders of the growth inhibition effects and the reduced bacterial GAPDH activities by the DHP derivatives were also correlated with their activities for superoxide anion generation. These in vivo data suggested that DHP derivatives caused inhibition of glucose utilization via reduction of bacterial GAPDH activity.
Studies in bacterial systems have shown that, besides GAPDH, aconitase, 6-phosphogluconate dehydratase, and dihydroxy-acid dehydratase are sensitive to ROS. [20] [21] [22] Inactivation of these individual enzymes causes a deficiency in the citric acid cycle, decreased utilization of gluconate, and a deficiency in branched chain amino acid biosynthesis, respectively. Therefore, the growth inhibition on M9 glucose plates by DHP seemed to be more remarkable than the inactivation of bacterial GAPDH activity by DHP.
ROS are generated not only by environmental factors, such as ionizing radiation and chemicals, but also during cellular metabolic processes, such as mitochondrial electron transport, immune responses, and the cellular redox system. 23, 24) Despite the presence of various antioxidant defenses to protect against radicals, radicals can damage subcellular components, thereby resulting in apoptosis, cancer, neurodegenerative diseases, chronic inflammatory diseases, cardiovascular diseases, and aging. 1, 24) Our present study provides evidence that DHP, as a glycation intermediate, can cause oxidation of protein thiols through ROS generation, resulting in a disturbance of glycolysis. On the basis of these observations, we propose that DHP could play a role in metabolic disorders. Fig. 7 . Effect of DHP on the Growth of E. coli DHP-exposed cells and non-exposed control cells were spotted as 10-fold serial dilutions on LB plates or M9 glucose plates. Growth was monitored after plates were incubated at 37°C for 12 h (LB plates) or 24 h (M9 glucose plates). Fig. 8 . Inhibition of Bacterial GAPDH Activity by DHP DHP-exposed cells and non-exposed control cells were harvested and lysed. The residual GAPDH activities were determined. The data points reflect the mean values obtained from at least four independent experiments and the error bars show the standard deviations.
